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The surface structure of the SrTiO3(110) polar surface is studied by scanning tunneling microscopy
and X-ray photoelectron spectroscopy. Monophased reconstructions in (5×1), (4×1), (2×8), and
(6×8) are obtained, respectively, and the evolution between these phases can be tuned reversibly by
adjusting the Ar+ sputtering dose or the amount of Sr/Ti evaporation. Upon annealing, the surface
reaches the thermodynamic equilibrium that is determined by the surface metal concentration. The
different electronic structures and absorption behaviors of the surface with different reconstructions
are investigated.
PACS numbers: 68.47.Gh, 68.37.Ef, 68.35.Md, 82.80.Pv, 68.35.Rh
I. INTRODUCTION
As a typical family of strongly-correlated electron ma-
terials, transition metal oxides (TMOs) possess immense
novel functionalities that have drawn intensive interest
in the fields of fundamental condensed matter physics,
materials science, and electronic applications. The sig-
nature of TMOs is the collective electron behaviors de-
termined by the delicate equilibrium of multiple low en-
ergy excitation states or competing ground states that
are sensitively influenced by doping, strain induction, or
the application of external field. In the TMOs with re-
duced dimensionality, broken symmetry, or spatial con-
finement, the coupling between different degrees of free-
dom is normally enhanced and exotic phenomena emerge.
A tremendous amount of evidence has shown that thin
films, superlattices and heterostructures of TMOs display
an even richer diversity of remarkable properties that are
related, but not identical to the bulk phenomena1. One of
the important and intriguing discoveries is the quasi-two-
dimensional electron gas (2DEG) formed at the interface
between SrTiO3 and LaAlO3
2, which might be the ba-
sis of the transformative concept for the new generation
of electronic devices. Additionally, Hwang et al. found
that the formation of 2DEG critically depends on the
atomic arrangement at the interface – it can be formed
only if the SrTiO3 substrate is terminated by the TiO2
layer, while the interface is insulating when the substrate
exposes the SrO layer2. Therefore the fabrication of ar-
tificial oxide heterostructures with desired functionalities
must be controllable with atomic precision. Among all
the techniques for the growth of low-dimensional mate-
rials, pulsed laser deposition (PLD) and oxide molecular
beam epitaxy (OMBE), developed with the intensive ef-
forts to grow the high-temperature superconductor films
over the past two decades, have been demonstrated to
be effective for the tailored construction of multilayered
oxide films2–8. Besides the capability to achieve the pre-
cision of monoatomic layer along the growth direction,
it is also promising in tuning the in-plane microscopic
structures in atomic scale.
Single crystalline SrTiO3 is widely used as the epitaxial
growth substrate for a variety of complex oxide films and
heterostructures. By selective chemical etching of the
SrO layer followed by thermal annealing, atomically well-
defined SrTiO3(001) surface can be achieved
9,10. Micro-
scopic studies11 showed a series of surface reconstruc-
tions c(2×2), (2×2), c(4×2), two kinds of c(4×4), (4×4),
(
√
5 ×
√
5)-R26.6o, and (
√
13 ×
√
13)-R33.7o, depend-
ing on the annealing temperatures in vacuum. The Sr
adatom model consisting of ordered Sr adatoms on a
TiO2-terminated layer has been proposed based on the
first-principles total-energy calculation12. A transmis-
sion electron microscopy (TEM) study showed different
surface structures that appear to be exceptionally stable
in air13. The stability of the surface phases strongly cor-
relates to the stoichiometry14–17. Different reconstruc-
tions or even one-dimensional nanolines can be formed
with varied surface chemical concentration ratio of Sr to
Ti or the degree of oxygen deficiency. It has also been
revealed that the TiO2 termination is stable and predom-
inantly exposes on the chemically etched SrTiO3(001)
surface, while the epitaxially grown SrO layer is unstable
and cannot cover the surface fully18.
Along (110) direction, the SrTiO3 single crystal is
composed of alternately stacked (SrTiO)4+ and (O2)
4−
atomic layers, which creates a macroscopic dipole per-
pendicular to the surface19,20. Therefore the surface is in-
herently unstable. On one hand, this means that manip-
ulating the polarity provides us an additional degree of
freedom to tune the properties of the oxide multilayers21.
“Electronic reconstruction”at the polar and non-polar
oxide interface has been proposed recently22. On the
other hand, in order to cancel the surface polarity and
thus making the electrostatic energy converged, a po-
lar surface bears high reconstruction instability20. Be-
sides several (1×1) terminations proposed by the ab initio
calculations23, a large family of reconstruction has been
observed on SrTiO3(110) surface. The surface oxygen
vacancies can induce new long-range orders that differ
from that in the bulk24–26. Brunen and Zegenhagen27
observed (2×5), (3×4), (4×4), (4×7), and (6×4) recon-
structions by scanning tunneling microscopy (STM), low
energy electron diffraction (LEED), and Auger electron
2spectroscopy (AES) measurements and found that the
surface Sr concentration increases with the elevated an-
nealing temperature. Bando et al.28 obtained (5×2) and
c(2×6) reconstructed surfaces exhibiting metallic char-
acteristics. Recently, M. R. Castell et al.29 obtained an
(n×1) (3≤n≤6) family of reconstruction at different an-
nealing temperatures. Their AES analyses revealed that
the (3×1) and (4×1) were Ti-enriched, while the (6×1)
was Sr-enriched. Combined with the transmission elec-
tron diffraction and density functional theory studies,
they proposed a corner-sharing TiO4 tetrahedra model
30.
Our previous studies showed that the thermody-
namically stable SrTiO and O-terminations on the
SrTiO3(110) surface can be obtained by Ar
+ sputtering
followed by annealing in ultra high vacuum (UHV)31.
In this paper we establish the phase diagram of the
SrTiO3(110) surface in a wide scale, covering from the
(5×1)- to the (4×1)-reconstructed surface of SrTiO ter-
mination, then to the (2×8)- and finally to the (6×8)-
reconstructed surface of O termination. The concen-
tration ratio of surface metal cations, [Ti]/[Sr], in-
creases when the reconstruction evolves between the
above phases sequentially as determined by the X-ray
photoelectron spectroscopy (XPS) analyses. These re-
construction phases can be selected by adjusting the
sputtering dose or the amount of Sr/Ti adsorption onto
the surface. It is revealed that the thermodynamic stabil-
ity of the reconstruction phases is determined by [Ti]/[Sr]
on the surface, which is influenced by the diffusion of
under-coordinated Ti induced by sputtering towards the
surface upon annealing the as-sputtered sample or di-
rectly varied by evaporating Sr and Ti metals onto the
surface. The properties of the surface with different re-
constructions are also examined.
This paper is organized as follows: after the description
of sample preparation and characterization in Sec. II,
Sec. III reports how the surface reconstruction and com-
position are tuned by Ar+ sputtering followed by UHV
annealing, as well as by adsorption of Sr/Ti metals (also
followed by UHV annealing) that is more direct and eas-
ier to control. We are then enabled to establish the phase
diagram of the surface in a wide range. In Sec. IV, we
discuss that the Ti diffuses towards the surface upon an-
nealing and is responsible for the selective stabilization of
different phases. Furthermore, we study the influence of
different surface reconstructions on the electronic struc-
tures and metal adsorption behaviors. Finally the sum-
mary is given in Sec. V.
II. EXPERIMENTAL
The experiments were performed in two separate UHV
combined systems. The reconstruction phases and the
surface chemical compositions of the sample were char-
acterized in an Omicron system equipped with variable
temperature STM, LEED and XPS. In XPS measure-
ments, Mg Kα radiation and a pass energy of 20 eV
FIG. 1: (Color online) (a) An STM image (1.5 V/20 pA)
of the SrTiO3(110) surface with SrTiO and O terminations
coexisting with each other. (b) and (c) High resolution
STM images of the SrTiO (4×4 nm2, 1.0 V/200 pA) and
O (2.6×2.6 nm2, 1.2 V/20 pA) terminations, respectively.
The unit cell of the (4×1) reconstruction is labeled in the
inset. (d) The line profile along the arrow in (a), indicating
an ∼“×10”periodicity of the clusters along [110].
were used. The binding energy was calibrated by using
the copper metal (Cu 2p3/2, energy of 932.9 eV rela-
tive to the Fermi level). In the other system equipped
with low-temperature STM and reflective high-energy
electron diffraction (RHEED), we carried out detailed
and systematic imaging with high resolution in the real
space. The base pressure of both systems was better than
1×10−10 mbar.
Nd-doped (0.7 wt%) SrTiO3(110) single crystal
(12 mm×3 mm) were purchased from Hefei KMT Com-
pany, China. After loaded into the system, the as-
received sample was sputtered with Ar+ beam at room
temperature (RT) followed by annealing in UHV. The
energy of the ion beam was varied from 0.5 to 2 keV
without any difference detected. The sample was heated
by resistively passing a direct current through the crys-
tal and the temperature was measured with an optical
pyrometer. The annealing temperature was 1000 oC for
1 hour unless otherwise specified. The maximum pres-
sure during annealing did not exceed 2×10−9 mbar. Ti
metal was evaporated by using an electron beam evap-
orator and Sr metal was evaporated with a low tem-
perature effusion cell. The flux of Sr and Ti was cali-
brated by monitoring the RHEED intensity oscillation
during the homoepitaxial growth of SrTiO3(110) thin
films (1 ML=4.64×1014 atoms/cm2).
3FIG. 2: (Color online) STM images (3.5 V/20 pA) of the
SrTiO3(110) treated with different Ar
+ sputtering dose fol-
lowed by annealing. As the sputtering dose increases, the
surface evolves from (a) the single type of SrTiO termination
to (b) the mixed SrTiO and O terminations, and to (c) the
single type of O termination.
III. RESULTS
A. Ar+ Sputtering
Figure 1 (a) shows two kinds of domains coexisting
with each other on the surface of SrTiO3(110) single crys-
tal after Ar+ sputtering and UHV annealing. As shown
in Fig. 1 (b), one type of the domains consists of peri-
odic stripes along the [110] direction, separated with a
dark trench, and each contains two obvious bright rows
of periodic dots. The long-range ordering is character-
ized with the lattice constant of ∼0.6 nm along [110] and
1.6 nm along [001], respectively. Such a structure cor-
responds to the (4×1)-reconstructed SrTiO termination,
which has been observed by another group29,30. There
are clusters with uniform size adsorbed on the (4×1) do-
main. The distribution of the clusters also exhibits a
quasi-long-range ordering – they form meandering lines
along [001] direction and are separated by approximate
“×10”periodicity along [110] direction. The nature and
the ordering mechanism of these “magic”clusters are un-
der investigations.
As reported previously31, the height between the (4×1)
and the other domain is about 0.138 nm, equivalent to
the interspacing of adjacent SrTiO and O atomic layers
along the [110] direction. The high-resolution STM im-
age shows periodic protrusions along [110] direction with
the interspacing of ∼ 0.3 nm, as marked by the dots in
Fig. 1 (c). This is quite close to the value of
√
2/2a
[a=0.3905 nm, the lattice constant of SrTiO3(110) bulk
crystal] that only possibly exists on the O-terminated
(110) surface, consistently indicating that the domain
corresponds to the O termination. The detailed struc-
ture of the O-terminated surface will be discussed in the
following.
We are able to tune the termination type on the
SrTiO3(110) surface by adjusting the sputtering dose.
As the sputtering dose increasing, the areal ratio of the
SrTiO termination to the entire surface (SA) decreases.
The surface with a single type of termination (either Sr-
TiO or O) can be obtained, as shown in Fig. 2 (a) and
(c), respectively. We determine the surface atomic con-
centration with the analyses of XPS spectra following:
FIG. 3: (Color online) Surface chemical concentration of the
SrTiO3(110) surface after sputtering and annealing as deter-
mined by XPS.
4[M ] =
IM/ΣM
ISr/ΣSr + ITi/ΣTi + IO/ΣO
, (1)
where M donates Sr, Ti or O, I is the integrated intensity
of the characteristic peak in XPS for each element, and Σ
is the element sensitivity factor that has been calibrated
with vacuum fractured SrTiO3(001) surface
32. As shown
in Fig. 3, the surface chemical composition changes with
the SA on the surface. The nominal composition of the
SrTiO-terminated surface (SA=1) is SrTi1.19O3.76, while
it is SrTi1.5O4.5 for the O-terminated surface (SA=0).
The [Ti]/[Sr] ratio increases from 1.19 to 1.5 monotoni-
cally as the surface evolves from SrTiO to O termination.
It also should be noted that the (110) surface treated
with Ar+ sputtering followed by UHV annealing is not
oxygen-deficient for either termination, at least not more
deficient than the vacuum fractured SrTiO3(001) surface
that has been used for calibration.
B. Adsorption of Sr and Ti metals
Treated with Ar+ sputtering followed by annealing,
the SrTiO3(110) surface is stable against high temper-
ature or oxygen partial pressure31. This indicates that
the thermodynamic equilibrium has been established on
the surface and the stabilization process of the termi-
nation layers is strongly related to the surface chemi-
cal composition. Therefore by directly evaporating Sr
and/or Ti metals onto the surface, we can change the
relative ratio of the termination types. Figure 4 shows
the STM observations. On the SrTiO3(110) surface with
SrTiO and O terminations coexisting, a submonolayer of
Sr metal is evaporated. After annealing we obtain the
surface with the single type of SrTiO termination. To
further evaporate 0.08 ML Ti metal followed by anneal-
ing, O-terminated islands are formed. As the dosage of
Ti increasing, the area of O-terminated domains increases
until the surface is fully covered by the single type of O
termination.
To evaporate Sr or Ti metal followed by annealing in-
duces the formation of SrTiO or O termination on the
(110) surface, respectively. It is a reversible process in
which the SA value is determined by the dosage of Sr
and Ti only, i.e., the surface [Ti]/[Sr] as detected by the
XPS. Moreover, adjusting the evaporation dosage of Sr
or Ti metal is practically easier and more precisely, which
enables the detailed investigations of the evolution of dif-
ferent surface reconstructions beyond the simple identi-
fication of termination.
On the SrTiO termination, we further increase the Sr
concentration by evaporating a small amount of Sr metal
onto the (4×1) monophased surface. New stripes are ob-
served after annealing, as shown in Fig. 5 (a). Each new
stripe contains three bright rows of periodic dots along
the [110] direction. There also exist hole-like defects on
the center row of the stripe, forming the quasi-ordering
FIG. 4: (Color online) (a) An STM image (2.0 V/20 pA) of
the (4×1)-reconstructed SrTiO termination coexisting with
the O termination. (b) The single type of SrTiO termina-
tion obtained by evaporating ∼ 0.35 ML Sr onto the surface
in (a) followed by annealing (2.0 V/20 pA). (c) The surface
after depositing ∼0.08 ML Ti onto (b) followed by annealing
(2.0 V/20 pA). The arrows indicate the O-terminated islands.
of “×10”along [110]. The domain area of the new stripes
enlarges with the Sr evaporation dosage increasing until a
monophased surface formed with ∼0.15 ML Sr, as shown
in Fig. 5 (b). The high-resolution STM image shows
the new long-range ordering with the lattice constant of
∼0.6 nm along [110] and ∼1.95 nm along [001], respec-
tively, consistent with the RHEED patterns that clearly
indicate the (5×1) reconstruction. There are clusters ad-
5FIG. 5: (Color online) (a) The surface with the (5×1) and
(4×1) phases coexisting with each other (1.6 V/20 pA). The
unit cells are labeled in the inset with the rectangles, respec-
tively. (b) The monophased (5×1) surface (1.5 V/20 pA).
(c) and (d) The RHEED patterns of the (5×1) along [001]
and [110] directions, respectively. The integral diffractions
are indicated with the arrows.
sorbed on the (5×1) surface. Comparing to the clusters
on the (4×1) surface, their size and distribution are ran-
dom and do not relate to the annealing temperature or
the cleanliness of the chamber.
Evaporating Ti metal onto the surface enlarges the
(4×1) domain over the (5×1). The reversed phase tran-
sition from (5×1) to (4×1) reconstruction can be realized
by evaporating ∼0.15 ML Ti followed by annealing.
As discussed above, Ti induces the formation of ter-
mination on the surface. By evaporating ∼0.75 ML Ti
onto the (4×1) monophased surface, we tune it to the
single type of O termination after annealing. The high-
resolution STM image is presented in Fig. 6 (a). Bright
rows along [110] are observed. They slightly pair up along
[001], resulting in the narrow dark trench between every
“2×”stripe. Along the [110] direction, each pair of the
rows are separated by the dark kinks that are periodi-
cally distributed. Such that the STM measurements in-
dicate the lattice constant of ∼0.75 nm along [001] and
∼2.3 nm along [110], respectively. Such a long-range or-
der corresponds to the (2×8) reconstruction in relative
to the lattice of O atomic layer, which is clearly visi-
ble in the RHEED patterns shown in Fig. 6 (b) and (c).
The surface is densely adsorbed by clusters that can be
divided into two categories by size. The small clusters
are on the top of the paired rows with random distribu-
tion. The big clusters are over the trenches between the
paired rows, and align to straight lines along [001]. These
clusters seem to be intrinsic for the (2×8) phase and are
responsible for the charge compensation on the polar O-
terminated SrTiO3(110) surface, although the detailed
mechanism is not understood yet.
Further increasing the Ti dosage on the (2×8) surface,
FIG. 6: (Color online) A high-resolution STM image
(1.5 V/40 pA) of the monophased (2×8) surface. Two kinds
of clusters are labeled with up and down arrows, respectively.
The (2×8) unit cell is labeled on the zoom-in image in the in-
set. (b) and (c) The (2×8) RHEED patterns along [001] and
[110] directions, respectively, with the integral diffractions in-
dicated with the arrows.
a structural phase transition to (6×8) occurs with the
dosage of ∼0.1 ML followed by annealing. Comparing to
the uniform row pairs in the (2×8) phase, wide stripes
with four protrusions in across appear and are arranged
alternatively with the row pairs, as shown in Fig. 7 (a).
The (6×8) long-range ordering is clearly shown by the
RHEED patterns. There are two different kinds of clus-
ters adsorbed on the surface. One is the bean-like cluster
adsorbed on top of the “4×”stripe, arranged in a perfect
(6×8) order. The other is the round cluster adsorbed be-
tween the “4×”and “2×”stripes with a lower density. It
should be noted that in the high-resolution STM image,
there are only 7 protrusions in one “×8”unit cell along
[110] either on the 2× or 4× stripes. The interspacing
between two protrusions is uniformly ∼0.32 nm, showing
the 8/7 “magic”lattice match to the bulk truncated O
atomic layer.
Figure 8 shows the surface after evaporating ∼0.05 ML
Sr onto the monophased (6×8) followed by annealing.
Some “2×”stripes condensate together forming the (2×8)
domains. The reversible structural phase transition be-
tween (2×8) and (6×8) can be realized by evaporating
∼0.1 ML Ti or Sr metal.
IV. DISCUSSION
We establish a clear surface phase diagram in a broad
range of chemical concentrations by evaporating Sr or Ti
metals onto the SrTiO3(110) surface followed by anneal-
6FIG. 7: (Color online) An STM image (1.0 V/20 pA) of the
monophased (6×8) surface. The unit cell is labeled with the
rectangle. (b) and (c) Line profiles along the black and red
(grey) arrows in (a), respectively. (d) and (e) The (6×8)
RHEED patterns along [001] and [110] directions, respec-
tively, with the integral diffractions indicated with the arrows.
ing. As the Ti dosage increases, the surface transforms
from the (5×1)-reconstructed SrTiO termination to the
(4×1), then to the (2×8)-reconstructed O termination,
and finally to the (6×8). Reversible phase transitions
can be induced by increasing Sr dosage. All the sur-
face reconstructions are stable at high temperatures up
to 1100 ◦C and under oxygen partial pressure from UHV
to 1×10−4 mbar. On the surface with mixed phases, the
relative ratio of the two types of domains keeps constant
as well within the ranges of temperature and oxygen par-
tial pressure, without any other phase developed. There-
fore it is concluded that thermodynamic equilibrium has
been reached on the surface and the stabilization of the
FIG. 8: (Color online) An STM image (1.5 V/20 pA) of the
surface after evaporating ∼0.05 ML Sr onto the (6×8) fol-
lowed by annealing. The “4×”and “2×”stripes are indicated
with black and blue (grey) arrows, respectively.
FIG. 9: (Color online) (a) SA of the SrTiO3(110) surface
with repeated cycles of cleaning (500 eV-sputtering followed
by annealing). The statistics are done over 8 STM images
(500×500 nm2) for each data point. (b) Surface concentration
ratio [Ti]/[Sr] with different repeated cycles. The sputtering
dose is fixed for each series of cleaning cycles, respectively.
observed reconstructions is determined by the relative
metal cation concentration, i.e., [Ti]/[Sr].
The surface composition can also be varied reversibly
by different dose of Ar+ sputtering followed by anneal-
ing, resulting in different areal ratio of SrTiO and O ter-
minations, i.e., SA (see Fig. 2 and 3). This is also a
thermodynamic process determined by [Ti]/[Sr] on the
surface. As shown in Fig. 9, both SA and [Ti]/[Sr] on
the annealed surface get saturated quickly after a few
repeated treatment cycles with fixed parameters, unre-
lated to the initial configuration on the surface. Detailed
high-resolution STM investigations actually reveal the re-
versible phase transitions between (5×1), (4×1), (2×8),
and (6×8) by elaborately tuning the sputtering dose.
It has been proposed that the oxide polar surfaces can
be stabilized by the nonstoichiometry20,23. The chemical
7composition of the SrTiO3 surface is related to various
factors including thermal treatment, sputtering, adsorp-
tion, as well as crystalline orientation. For example, it is
commonly agreed that Sr will be removed preferentially
from the SrTiO3(001) by sputtering, while on the (111)-
orientated sample Ti will be preferentially removed33,34.
In contrast, on the SrTiO3(110) surface in our exper-
iments, we found that the atomic concentration ratio
[Ti]/[Sr] is equal to 1 on the as-sputtered surface, and
almost keeps constant for different sputtering dose, as
shown in Fig. 10 (a). No preferential sputtering by Ar+
has been observed within the ion energy range of 0.5 to
2 keV. However, the surface [Ti]/[Sr] ratio increases dra-
matically after annealing in relative to the as-sputtered
sample, and the increment becomes larger monotoni-
cally as the sputtering dose increasing, as plotted in
Fig. 10 (b). It is suggested that Ti (or Ti-O species) tend
to diffuse towards the surface upon annealing to establish
the thermodynamic equilibrium. Similarly, Ti-enriched
nanostructures or even anatase TiO2 islands have been
obtained on the SrTiO3(001) surfaces by intensive Ar
+
sputtering followed by annealing33,35–37.
In order to get the detailed information of such a pic-
ture, we carry out high-resolution XPS analyses on the
(110) surface as presented in Fig. 11. Well-defined Ti 2p
and Sr 3d core-level spectra are observed on the annealed
surface. The Ti 2p spectrum shows the single spin-orbital
doublet feature of the Ti4+ state as in the bulk crystal
of SrTiO3. The Sr 3d spectrum can be fitted with two
spin-orbital doublet pairs that originate from the differ-
ent chemical coordination of Sr. The main doublet fea-
ture centered at ∼133 eV is the characteristic of the per-
ovskite crystal, while the other feature shifting towards
the higher energy by ∼0.9 eV can be attributed to Sr-O
bond on the surface38–40. Depending on different sur-
face reconstructions, we detect a small change in the fine
structure of Ti 2p spectrum only. But dramatic differ-
ence is observed in the core-level spectra of both elements
in comparison to the as-sputtered surface. Without an-
nealing, the two peaks corresponding to the Ti 2p single
doublet state show broad shoulders at ∼ 456.7 eV and
FIG. 10: (Color online) (a) The surface chemical concen-
tration of the as-sputtered SrTiO3(110) surface determined
by XPS. (b) [Ti]/[Sr] ratio of the as-sputtered and annealed
surface, respectively. Each data point in (a) and (b) is the
saturated value after repeated cycles of treatment with the
fixed sputtering dose, respectively.
FIG. 11: (Color online) (a) The Ti 2p core-level spectra of
the annealed (lower panel) and as-sputtered (upper panel)
surfaces, respectively. The spectrum taken on the annealed
surface is fitted with a single doublet feature, while the one
taken on the as-sputtered surface is fitted with an additional
doublet feature shifted to lower binding energy by ∼1.65 eV.
(b) The Sr 3d core-level spectra of the annealed (lower panel)
and as-sputtered (upper panel) surfaces, respectively.
462.5 eV, respectively, indicating the appearance of Ti3+
on the as-sputtered surface41. This is consistent with the
recent first-principles calculations that have revealed the
existence of significant Ti antilike defects42. In the Sr 3d
spectrum, the weight of the high-energy doublet feature
is higher than that on the annealed surface, consistently
showing that the as-sputtered surface is deeply separated
into SrO and TiOx chemical coordinations.
Considering the fact that titanium oxide have lower
surface free energy as compared to the SrTiO3
30,35,36, the
under-coordinated Ti induced by sputtering is driven to
diffuse towards the surface upon annealing. Such a pro-
cess is further assisted by the attractive interaction with
the oxygen vacancies in the surface region that could also
be induced by Ar+ bombardment43. Therefore the estab-
FIG. 12: (Color online) (a) The Ti 2p core-level spectra taken
on the monophased (4×1) and (6×8) surfaces, respectively.
The inset zooms in their difference showing the appearance of
the Ti3+ component on the (6×8) surface. (b) The valence-
band spectra of the two reconstructions, respectively. The
in-gap states are labeled with the arrow.
8FIG. 13: (Color online) (a) and (b) STM images
(1.0 V/20 pA) of the (4×1) and (2×8) surfaces evaporated
with 0.02 ML Sr at room temperature, respectively. The orig-
inal clusters and the evaporated Sr are indicated with black
and blue (grey) arrows, respectively. (c) and (d) STM images
(1.5 V/20 pA) of the (4×1) and (2×8) surfaces evaporated
with 0.02 ML Ti at RT, respectively. The as-deposited Ti are
indicated with black arrows.
lished thermodynamic equilibrium can be described as a
Ti-enriched surface covering the stoichiometric SrTiO3
bulk crystal. As the sputtering dose increases, the depth
of the affected region increases and consequently the over-
all amount of Ti defects available to diffuse to the surface
increases. Such an increase cannot be detected by XPS
since the depth of XPS signal is much smaller than that of
the region affected by sputtering. However, after anneal-
ing, the increment of the surface Ti concentration will be
fully manifested by XPS within few top layers. On the
other hand, it is commonly agreed that the formation en-
ergy and the migration barriers of oxygen vacancies are
low in the bulk SrTiO3 crystal. Therefore the oxygen ions
diffuse to the surface upon annealing, keeping the metal
cations sufficiently coordinated to reduce the surface en-
ergy. More importantly, such a mechanism determines
the intrinsic dependence of the surface chemical compo-
sition of SrTiO3(110) on the sputtering dose, offering the
tunability of different reconstructions by adjusting the
sputtering dose that is equivalent to evaporating Sr or
Ti metal.
To further examine the properties of the SrTiO3(110)
surface with different reconstructions, the XPS core-level
and valence-band spectra are carefully compared. Fig-
ure 12 (a) shows the Ti 2p core-level spectra taken from
the monophased (4×1) and (6×8) surface, respectively.
The (4×1) surface shows mainly the Ti4+ characteristic,
while the (6×8) surface also shows the existence of the
Ti3+ species as revealed by the low-energy shoulder44–46.
This is consistent with the chemical composition analyses
that indicates the Ti enrichment on the O termination.
Figure 12 (b) compares the valence-band spectra of the
(4×1)- and (6×8)-reconstructed surface. The highest oc-
cupied state is determined by linearly extrapolating the
onset edge of the signals in the spectra. The correspond-
ing binding energy in relative to the Fermi energy (EF )
is EF -EV B=3.3 eV. As the bandgap of the SrTiO3 is
E g=3.3 eV
47, this value indicates that the EF is near the
minimum of the conduction band. In-gap states arise at
∼2.0 eV below EF in the (6×8) phase, indicating the ex-
istence of the Ti3+ species46,48 that is consistent with the
Ti 2p core-level spectra. The appearance of the in-gap
states also suggests that the O-terminated SrTiO3(110)
surface can be stabilized by filling electrons to the new
states, in addition to the stoichiometry modification and
adsorption of (charged) clusters as on the (4×1) surface
that also could be responsible for the charge compensa-
tion.
Since the surface electronic structure is varied with
different reconstructions, the initial epitaxial growth be-
havior is also influenced. Figure 13 shows the different
adsorption behaviors of Sr and Ti metals on the (4×1)-
and (2×8)-reconstructed surfaces. With ∼0.02 ML Sr ad-
sorbed onto the (4×1) phase at RT, there are round pro-
trusions appearing in the STM image, darker and smaller
than those original clusters, as shown in Fig. 13 (a).
By the statistics of the density of the adsorbed clusters,
we found that Sr adsorbs as isolated single adatoms on
top of the “4×”stripes. Increasing the Sr dosage results
in a higher density of the adatoms whose distribution
still strictly follows the stripes. The Sr atoms adsorbed
on the (2×8) phase aggregate into randomly distributed
clusters with nonuniform size. This might be the result
of the strong interaction of Sr atoms with the (2×8)-
reconstructed surface due to its high reactivity. How-
ever, the adsorption behavior of Ti atoms is different from
that of Sr adatoms. They aggregate into randomly dis-
tributed clusters with nonuniform size on the both (4×1)
and (2×8) reconstructions.
V. SUMMARY
We establish a clear phase diagram of the SrTiO3(110)
surface, as shown in Fig. 14. The surface reconstruc-
tion phase can be tuned from the (5×1)- to (4×1)-
reconstructed surface of the SrTiO termination, then to
the (2×8)- and finally to the (6×8)-reconstructed surface
of the O termination. All the structural phase transitions
are reversibly driven by the change of the [Ti]/[Sr], which
can be tuned by adjusting the sputtering dose or the
amount of Sr/Ti adsorption. These two tuning methods
are equivalent because the under-coordinated Ti induced
by sputtering tend to diffuse towards the surface upon
annealing. The electronic states of pure Ti4+ valence
are detected on the (4×1) surface. In contrast, they are
9FIG. 14: (Color online) The phase diagram of the
SrTiO3(110) surface in relative to the surface [Ti]/[Sr] ratio
that can be tuned by the sputtering dose or the evaporation
of Sr/Ti.
mixed with Ti3+ on the (6×8) surface. This causes the
O termination more active than the (4×1)-reconstructed
SrTiO termination, resulting in the different absorption
behaviors during the initial epitaxial growth.
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